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The role analysis of APX gene family in the growth and
developmental processes and in response to abiotic
stresses in Arabidopsis thaliana
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2. Beijing Key Laboratory of Gene Resource and Molecular Development, College of Life Sciences, Beijing Normal University,
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Abstract: Oxidative stress caused by reactive oxygen species (ROS) is one of the major abiotic stresses in plants. Under
adverse growth conditions, the incoordination of various metabolic processes in plant cells can result in increased hydrogen
peroxide (H,0,), thus causing a variety of threats and injuries to plant cells. Ascorbate peroxidase (APX) is an important
enzyme to remove H,O, in plants. In Arabidopsis thaliana, there are eight APX gene family members, including
APX1-APX6, sAPX and tAPX. In this study, we analyzed the expression patterns of the eight APX genes in the wild-type
and apx mutant plants at different developmental stages and under different abiotic stress conditions. Meanwhile, the
tolerance of each apx mutant to salt, drought and heat stresses was studied. qRT-PCR analysis showed that during
development (from 4 to 8 weeks old), APX1 and APX2 exhibited the highest and lowest expression levels, respectively. In
addition, the expression levels of APX4, sAPX and tAPX decreased during development, while the expression of APX6
increased with the maturity of the plants. Moreover, under different abiotic stress conditions, APX1, APX2 and APX6 were
significantly induced by heat stress, SAPX actively responded to salt stress, and APX3 and APX5 exhibited obvious
responses to salt, drought and heat stresses. Further tolerance analysis showed that the resistance of all apx mutants to salt
and drought stresses was lower than that of the wild-type plant at both germination and maturity stages. At germination
stage, all apx mutants were more sensitive to drought stress than to salt stress. At maturity stage, the apx1 and apx6 mutants
were more sensitive to salt and drought stresses than the wild-type and other apx mutant plants. The physiological indexes
indicated that the H,O, content in all mutants, especially in the apx1, sapx and tapx, was significantly higher than that in the
wild type 10 days after drought stress treatment, the malondialdehyde (MDA) content in all mutants was significantly
higher than that in the wild type 5 days after salt stress treatment, while heat stress treatment for 2 h resulted in a significant
increase in the contents of H,O, and MDA in apx1, apx2 and apx6, especially in apx2. Taken together, our study revealed
that all eight APX members of Arabidopsis participate in the growth and developmental processes and the abiotic stress

responses, with some specific APXs playing a major role in a certain process.

Keywords: Arabidopsis thaliana; ascorbate peroxidase (APX); reactive oxygen species (ROS); abiotic stress response

(©2) (OH)

(H202) (o)t

ROS
(reactive oxygen species,
ROS) ' ROS
DNA
ROS NADP*



536 £ ! Hereditas (Beijing) 2019 a1

ROS 21 ROS

[3.4]

[5.6]

(glutathione peroxidase,
GPX) (catalase, CAT)
(ascorbate peroxidase, APX) APX
H,0, H,0,
7l APX 1

H,0,

(ascorbic acid,

ASA)- (glutathione, GSH) ASA
H,0, 0, H,0?
APX
(8] APX
4 APX APX
APX APX (Oryza sativa)
APX 8 (OsAPX1
OsAPX2) (OsAPX3  OsAPX4)
(OsAPX®6) (OsAPX7 OsAPX8)
OsAPX5 [o-11]
(Arabidopsis thaliana) APX 8
APX2  APX6 APX3
APX4 tAPX

tAPX

APX1
APX5
SAPX
APX4
SAPX
[3.12-24] (Lycopersicon
APX [l
(Spinacia oleracea L.)

esculentum) 7
(Vigna unguiculata)

APX[
Teixeira [0 APX
APXs
8 APX APX1 APX
APX

[3.12,17~24]

APX 8
apx

APX

11 R, EHRFLIE

pMD 18-T Simple Vector
DH5a
(Arabido-

TaKaRa

psis thaliana, Columbia Ecotype)
APX T-DNA
apx1l (SALK_143111) apx2 (SALK_057686C)
apx3 (SALK_017480C) apx4 (SALK_119726) apx5
(SALK _075060C) apx6 (WiscDsLox321c09)
(SALK_083737C) tapx (SALK_027804C)
(Arabido-

sapx

psis Biological Resource Center, ABRC)
1.2 REGHFREURERE
1.2.1  # A H28 DNA AL

4 1.0cmx1.2 cm
1.5 mL
400 pL Gpl buffer (

)

400 pL 13 000 xg

10 min 300 puL

300 pL -20

13 000 xg DNA
70% 13 000 xg

DNA 15 min

20 min
10 min

5 min
20 pL
-20

1.2.2 T-DNA AN 2E R TAR b i VA RN AL
R 4

apx

(Kan, 50 pg/mL) MS (1LMS



6 : APX 537
4.4 g MS 30g 79 1 mol/L NaOH 40 min
pH 58 121 20 min) APX
10d 10 4
3 DNA ( ( ) 3 3
1.2.1) PCR
8 apx .
_ 1.3 APX ERERIEE=ESNH
(http://signal.salk.
edu/tdnaprimers.2.html) 1 1.3.1 &I APX RAA R KK E LR
DNA (
1) 8 APX 3 d
pMD18-T ( ) 35d
3d 3
Hoagland [945 mg/L Ca(NOs3),
T-DNA 506 mg/L KNO; 80 mg/L NH;NO; 136 mg/L KH,PO,
493 mg/L MgSO, 2.5 mL (500 mL
1.2.3 4 T-DNA AL T TP B 2.78 g FeS04-7H,0 3.73 g Na,EDTA-H,0
A B KA pH 5.5) 5 mL (
8 apx 0.83 mg KI 6.2 mg HzBO; 22.3 mg MnSO, 8.6 mg
( =3 1 5 ZnSO, 0.25 mg Na;MoQ,4-2H,0 0.025 mg CuSO,
RNeasy Plant Mini Kit ( Qiagen ) 0.025 mg CoCl)  pH 6.0] 4 6
RNA RNA PCR Kit 8 RNeasy Plant Mini Kit (Qiagen
(AMV) Ver.3.0 ( TaKaRa ) ) RNA
cDNA cDNA
RT-PCR APX TransScript™ One-Step gDNA removal and a
(APX1~APX6 SAPX  tAPX) 1 cDNA synthesis SuperMix kit ( )
ACTIN2 (GenBank U41998) CDNA APX
1% PCR Real-time qPCR (gqRT-PCR)
ACTIN2 ACTIN2 = 100REU
(relative expression units) 10
APX2 45°C 2h 3 3
APX5 APX6  SAPX 1
200 mmol/L NaCl 12 h

1.2.4 # I T-DNA #HEA LA R TR APX &
A

19
5 mL APX
[50 mmol/L PBS(K,;HPO4-KH,PO, ) pH 7.8
2 mmol/L ASA 5 mmol/L EDTA]
18000 xg 4

132 %, FEAHMpia Td I APX Rk ik

A AKX T
1
200 mmol/L NaCl 300 mmol/L Hoagland
72 h 0Oh 4h 8h
12h 24h 72h 45°C
3h 0Oh 05h 1h 2h 3h



538 £ ! Hereditas (Beijing) 2019 a1

-80 RNeasy Plant Mini Kit
(Qiagen ) RNA TransScript™

One-Step gDNA removal and a cDNA synthesis

SuperMix kit ( ) cDNA

APX

gRT-PCR 1.3.1

10 3 3

1.4 EHMTEHELEFHREYE

1.4.1 FrF 3 A VAR & K 6 phia &b 52

(0.1% HgCl 5 min
5 3 min) 4
2~3 d NaCl( 0 50 100 150
200 mmol/L) ( 0 100 200 300
400 mmol/L) MS (
22°C 60%~70% 16h
/8 h 110 pmol /m?s) MS
7d 10d
MS 40
80 2
142 @it KGR A A K A
7RI
4 3d MS
7d
( =3 1)
( 7cm 8 cm) 9
3d
4 ) 1)
50 mmol/L  NaCl
50 mmol/L NaCl NaCl
200 mmol/L 3d
28 d
(2) 4
21d 3d

36 (9 / x4 ) 3

1.5 REGEMEFLEREKRSD H,0, 71 MDA &

=1
4 4 1
200 mmol/L NacCl 6 h
24h 72h 5d 2
5d 10d 3
45 2h 4
-80
H,0,
MDA
1.6 SEIGEIES T
(Mean)+ (SD)
SPSS 20.0

(One-way ANOVA) SigmaPlot 12.5

2.1 WEIT APX KiEEE T-DNA BN G R
THIFESLEE

DNA 8  APX
T-DNA
apxl T-DNA APX1
4 803~804 bp

(+803~+804) apx2 apx3 apx4 apx5 apx6
sapx tapx T-DNA APX2 APX3 APX4

APX5 APX6 SsAPX  tAPX 1
7 9 3'UTR 7
1 5'UTR( 1A) RNA
8 apx (
1B) APX apx1l sapx
tapx 3 (P<0.01) apx2
apx3 apx5 apx6 APX (P<0.05)
apx4 ( 10)
2.2 @I APX XEEEEAELZ BN
RiLE

APX 8



APX

539

A 0.2kb b T-DNAHBAMLAL
apxI —u—-—-—-—i-—-—-—r:i— 1941 +803~+804
apx2 —CI-—.—H-—-.—D— 2172 +110~+111
apx3 —:-—-—n—.+.—i-—-:v— 2897 +1768~+1769
apx4 —:--—-ru---i-::— 2305 +1541~+1542
apx5 —_—-—Hﬂ—-—u—n—z— 1688 +1566~+1567
apx6 ___._-—._.-I-_-_-:}_ 2680 +1767~+1768
sapx —EZ—_—H—H—-—-—-—[H:}— 2552 +105~+106
tapx —;-—-—-—I—I—I—I—I—-—I—-:l— 2674 —55~54
B WT apxI apx2 apx3 apx4 apx5 apx6 sapx tapx C
0.7
(=5
[=11)
e
2<
N
———————— 8/ -
A S A S S S ¢
Bl H4ERTHFESLERE
Fig. 1 Screening and identification of homozygous mutants
A T-DNA UTR
T-DNA apx1 APX1 1941 bp APX1 mRNA 0.2 kb
T-DNA B APX mRNA c
APX (a~e) (P<0.05)
2 8 0.2 REU APX5 mRNA 0.25~
AtAPX 46 8 APX4 0.45 REU APX3 sAPX 3
SAPX  tAPX 4 APX3 25 REU sAPX 6~
8 APX4 tAPX 4 8 9 REU tAPX 3
mMRNA (P<0.05) APX1 APX2 APX3 4 6 8 (P<0.05) 4~
APX5 6 4 8 15 REU APX4 4
APX2  APX5 6 8 65 REU 8 10 REU (P<0.01)
P<0.05 APX6 as . —
RNL ) ) ; 23 #h. EBEMABMEIER APX RiEH
m
oy k-l
(P<0.05) RANEW
APXs
4 6 8 APX1 8 AtAPXs

80 REU APX2

3A



540 i 1 Hereditas (Beijing) 2019 41

REU  APXI REU  APX2 REU  APX3 REU  APX4
100 [ 0.5 100 [ 100
8o} 04f 80 80
60 03f . 60 F 60
aof 0.2} g 40f 40

= 20f 0.11@ Ij b 20f EE] 20

k=l N ] AL B

# 4 6 8 a6 8 4 6 8

Z REU  4PXS REU  APX6 REU  sAPX
05¢ ~ 20 20 20
04 ab 16_‘ 16 | 16 a
031 b 12 12 + 12 a
S7HR) taesl Aoml il
of otz 1B ot of B

4 6 8 4 6 8 4 6 8 4 6 8

RER,

2 METT APX RIFEEETE L BERENREE
Fig. 2 Expression levels of APX gene family in Arabidopsis at different developmental stages

(a~c) (P<0.05)
4

A = S () *:
- =S4 5
| =—==8S8§ ll
3 e==a8512 :
IIE | —= 824 b -
| * ,
ol = =S
= g -+
1 “« ’ ’
< -] R =N
- “ o 44
- E ::

APX2 APX3 APX4 APX6 SAPX

o

*

DO ARSRN]#

K]

APX1 APX2 APX3 APX4 APX5 APX6 SAPX tAPX

C 1000
“"n = [
800 :: == H(0.5
i ** == HI1
ﬁ 600, -’ E =3 H2 *% 1
Y gES =2 H3 *
4+ ’ b K
2 g8z " 3
% s :: % = * ::
g :: * [ X e I :: L.
8 @l o el e 0f
ZRESN ZE:EN ZE:aN ziisW ZE:EN ZozeM Z::l
APX1 APX2 APX3 APX4 APXS APX6 sAPX tAPX
3 APX
Fig. 3 Responses of Arabidopsis APX gene family to salt, osmosis or heat stress
A APX SO S4 S8 s12  S24 (hy B APX DO D4
D8 D12 D24 (hy C APX HO HO5 H1 H2 H3 (hy *

* P<0.05 ** P<0.01



6 : APX

541

200 mmol/L NaCl 4 h 8

APX1 APX3  sAPX (P<
0.05) 8~24h APX3 APX5 APX6
SAPX (P<0.05) 8

AtAPXs  SAPX 24 h
3.67 300 mmol/L
APX2 APX1 APX3 APX4
APX5 APX6  SAPX (P<0.05) (
3B) APXs SAPX
APXs (P<0.05)
APX2 05h  APX2
573 790  APX1
APX6

4.9 46 ( 3C)

WT  apxl apx2 apx3

100 mmol/L
NaCl

150 mmol/L
NaCl 120
100 Fm

" ---------
NaCl

200 mmol/L
Higmx

300 mmol/L.
Hign

400 mmol/L
R

apx4 apx5  apx6

g 60—
1,: i

2.4 apx REGHEHLZ AR 4 E £ RS

BB E KT 2
50 100 150 200 mmol/L NaCl MS
10d
4 NaCl 50 mmol/L

apx2 sapx  tapx
(P<0.05) NaCl 100 mmol/L

NaCl 150 mmol/L 25%~30%
40% 200 mmol/L NaCl

i 4 34(%)
3

0 50 100 150 200
NaCl (mmol/L)

120
100
80
60
40
20}

FX (%)

80 HH
60 H[]
401
20+

W% #(%)

100 200 300 400
H B2 B (mmol/L)

R e

120
100 | figrae
80 | :

|

100 200 300
HEE B (mmol/L)

Bl 4 apx REKRMEFERIUZEITAE NaCl MEEEHE THHELMEKER

Fig. 4 Germination and growth status of the wild-type Arabidopsis and apx mutants in the presence of NaCl or

mannitol

* (CK) *  P<0.05

** P<0.01



542 £ ! Hereditas (Beijing) 2019

41

(P<0.01)
100 200 300 400 mmol/L
MS 10d
( 4
100 mmol/L
94% 63% (apx3)~
92.9% (apx4)
400 mmol/L 42% 1% apxl

apx4

25 apx REGEEFREKFEHUREELE
HA % #h A0 T 2 B8 i 52 1

5A 5B
7d (WT)
14d
apx1 3.7% 21d
51.9%
(apx1)~ 75.7% (WT) 28d
apx1l 11.1%
WT 33.6%
5C 5D
7d
14 d 21d
3d  40.7%
apxl  apx6
4.6% 7.4% (P<0.01)
2.6 . TFEMAPEIEK H0, F1 MDA &
{0k
H20, (
) HZOZ
( 6
H.0
H,0, apx4
(P<0.05) apxl sapx
tapx ( 6A) 5d H,0,
10 d H,0,

apxl sapx tapx
H20,
apx6 H,0,
apx2 H,0,
H20,
h apxl sapx  tapx
(P<0.05)
MDA
(P<0.05)
( 6A) 5d
6B) 2h
apxl apx2 apx6

(P<0.05) (  6B)

(P<0.05)

( 6B) 2h
apxl apx2
(P<0.05)

586 ( 6B)

6h 24
MDA
72 h

apx1
10 d

tapx
MDA
(

sapx

MDA

31 BEFARLZERE APX REEERBR

A5
APX1
[17]
AtAPX1
[18,26]
APX2
APX3 APX5
AtAPX5  AtAPX2
APX2 APX3 APX5
APX4

[3,25]

APX2
[19]

RT-PCR
[19]

gRT-PCR

AtAPX3

tAPX

[20] Chen [12]



6 : APX 543

apx] apx2 apx3 apx4 apx3 apx6 tapx WT
(108)  (106) (108) (103) (107)
i S Tz LA T

24

T

=== apx

AR

T
FTFTITTFTIT 4
L%

i\
ALLLLLELY

ALLTLLLLARRRRLLLLY

ARTERRRRRRRRNNNY

AL
T

2|

-]
=P AEARAARRARAARAARARAAARARARAARN®
P SRRV ARNAANRRANANS

2‘0’ AN

o i

21
C apxl apx2 apx3 apx4 apx5 apx6 sapx tapx WT
(108) (108) (103) (108) (108) (108) (108) (108)  (108)

- ; ~] S P P re - - ~

—
+

0d |

7d

14d

21d
Re-watering

28d

—— apx3
LD apx4d
=== apxJ
=== apx6
2223 sapx
ST fapx
e=zm WT

5 PIETT apx REAFFERERERPENTEME THERKRKAURGFEER
Fig. 5 Growth status and survival rates of the wild-type Arabidopsis and apx mutants under salt or drought stress
A apx B apx C
apx D apx A C
( ) * (WT) P<0.05 **
(WT) P<0.01



544 i 1 Hereditas (Beijing) 2019

41

A
~ 30
=3 25 100F "pbe . b eb
£ 20 80F 5 R 2k
L5 60t Mtk SR
S3 aof| [HARIS
22 10 |
=g s 20H OIS
= 0 0 LK e 4
hihiE 721
=14 3.0 33
21 25F, OF
EEy
<206 L5¢ 15F
g é 04 1.0F 1.0
02 05F 05 f
=70 0 0
B
=30 600
25 L
g g 2 550
£0 150
33 15
22 10 100
TE s 50
g3 0
o4 12
3 1. 10
T EI10 8
< 508
é 206 ¢
04
2o2f [} ; : : : 2
ot 0 N - 0
payist TEASd TR 10d

6 . FEMAMET, apx REMFMEFE BRI+ H,0, 1 MDA EET1{L
Fig. 6 H,0,and MDA contents of the wild-type Arabidopsis and apx mutants under salt, drought or heat stress

A apx H,0, MDA
MDA
APX6 (12l
APX6
APX6 -
AtsAPX
SAPX
SAPX

3.2 #EIFT APX RikEREEIEEYFEMHE
HEER

APX1
[17]
APX1 ROS
APX1 ROS [3.25.27]
AtAPX1
atapxl Cu/ZnSOD

B
(P<0.05)

Hsf21

APX1  ROS

APX?2

APX2

2
Hsp70
MBF1c

[17]
APX2
apx2
APX2

apx H,0,
[19]
ROS
APX1B
[18]
APX2
[17,26]
APX2
[26,28~31] [19]
h apx2

Hspl7.4 Cu/ZnSOD WRKY25

APX2
APX2



6 : APX 545
ABA [2] Chen !4 APX6
atapx2 Hsp70 Hspl7.4 Hsf2l apx6
WRKY25  PR-1 DREB2C
Zat12 [19] atapx2
Hsp70 Hsf21 WRKY25  PR-1 APX6
Cu/ZnSOD Hspl7.4 DREB2C ABF3 APX6
MBF1c (2] APX2 ( ) apx6
APX2 APX6
H,0, ABA
[33-35] APX2 APX
APX SAPX tAPX B8 Maruta
Wang B9 APX3 (3] SAPX  tAPX
( ) Yan 7 H,0,
AtAPX3 tAPX
APX3 apx3 tAPX  SAPX
SAPX  tAPX
[21] sapx
AtAPX3 tapx SAPX
apx3 APX3
APX 8
APX5
AtAPX5 APX1  APX3 APX1
APX5 APX2  APX5
APX5 APX4 SAPX  tAPX
APX6
APX4  APX3  APX5
(24 APX1  APX6
APX4  tAPX APX2
(22231 Apx4 APX3  APX5
3 SAPX
APX4 APX APX4 tAPX
[22.24] APX4 APX
H,0,
[23]
NacCl apx4 APX
8 APX

apx4



546 £ ! Hereditas (Beijing) 2019 a1
M‘J% : Margis-Pinheiro M. Rice ascorbate peroxidase gene family
encodes functionally diverse isoforms localized in
1 www.Chinagene.cn different subcellular compartments. Planta, 2006, 224(2):
300-314. [DOI]
. [11] Teixeira FK, Menezes-Benavente L, Margis R, Margis-
%%ﬁ[ﬁk(ReferenceS): Pinheiro M. Analysis of the molecular evolutionary history
[1] Akbudak MA, Filiz E, Vatansever R, Kontbay K. Genome- of th-e ascorbate peroxidase gene family: inferences from
— e . . - the rice genome. J Mol Evol, 2004, 59(6): 761-770. [DOI]
wide identification and expression profiling of ascorbate ) .
peroxidase (APX) and glutathione peroxidase (GPX) genes [12] Chen C, Letnik I_’ Hacharh Y, Dobrev P, Ben-DameTI BH,
under drought stress in Sorghum (Sorghum bicolor L.). J Vankova R, Amir R, Miller G. Ascorbate peroxidase6
Plant Growth Regul, 2018, 37(3): 925-936. [DOI] protects Arabidopsis desiccating and germinating seeds
[2] Asada K. The water-water cycle in chloroplasts: from stress and mediates cross talk between reactive
scavenging of active oxygens and dissipation of excess oxygen species, abscisic acid, and auxin. Plant Physiol,
photons. Annu Rev Plant Physiol Plant Mol Biol, 1999, 2014, 166(1)- 370-383. [DOI]
50(1): 601-639. [DOI] [13] Mittler R, Vanderauwera S, Gollery M, Van Breusegem F.
[3] Davletova S, Rizhsky L, Liang H, Shenggiang Z, Oliver Reactive oxygen gene network of plants. Trends Plant Sci,
DJ, Coutu J, Shulaev V, Schlauch K, Mittler R. Cytosolic 2004, 9(10): 490-498. [DOI]
ascorbate peroxidase 1 is a central component of the [14] Chew O, Whelan J, Millar AH. Molecular definition of the
reactive oxygen gene network of Arabidopsis. Plant Cell, ascorbate-glutathione cycle in Arabidopsis mitochondria
2005, 17(1): 268-281. [DOI] reveals dual targeting of antioxidant defenses in plants. J
[4] Foyer CH, Shigeoka S. Understanding oxidative stress and Biol Chem, 2003, 278(47): 46869-46877. [DOI]
antioxidant functions to enhance photosynthesis. Plant [15] Najami N, Janda T, Barriah W, Kayam G, Tal M, Guy M,
Physiol, 2011, 155(1): 93-100. [DOI] Volokita M. Ascorbate peroxidase gene family in tomato:
[5] Maruta T, Sawa Y, Shigeoka S, Ishikawa T. Diversity and its identification and characterization. Mol Genet
evolution of ascorbate peroxidase functions in chloroplasts: Genomics, 2007, 279(2): 171-182. [DOI]
More than just a classical antioxidant enzyme? Plant Cell ~ [16] Li ZQ, Li JX, Zhang GF. Expression regulation of plant
Physiol, 2016, 57(7): 1377-1386. [DOI] ascorbate peroxidase and its tolerance to abiotic stresses.
[6] Shigeoka S, Ishikawa T, Tamoi M, Miyagawa Y, Takeda T, Hereditas (Beijing), 2013, 35(1): 45-54.
Yabuta Y, Yoshimura K. Regulation and function of ' ,
ascorbate peroxidase isoenzymes. J Exp Bot, 2002, , 2013,
53(372): 1305-1319. [DOI] 35(1): 45-54. [DOI]
[7] Huang L, Jia J, Zhao X, Zhang M, Huang X, E Ji, Ni L, [17] Zimmermann P, Hirsch-Hoffmann M, Hennig L, Gruissem
Jiang M. The ascorbate peroxidase APX1 is a direct target W. GENEVESTIGATOR. Arabidopsis microarray database
of a zinc finger transcription factor ZFP36 and a late and analysis toolbox. Plant Physiol, 2004, 136(1): 2621
embryogenesis abundant protein OsLEA5 interacts with 2632. [DOI]
ZFP36 to co-regulate OsAPX1 in seed germination in rice. [18] Suzuki N, Miller G, Sejima H, Harper J, Mittler R.
Biochem Bioph Res Co, 2017, 495(1): 339-345. [DOI] Enhanced seed production under prolonged heat stress
[8] Passardi F, Bakalovic N, Teixeira FK, Margis-Pinheiro M, conditions in Arabidopsis thaliana plants deficient in
Penel C, Dunand C. Prokaryotic origins of the non-animal cytosolic ascorbate peroxidase 2. J Exp Bot, 2013, 64(1):
peroxidase superfamily and organelle-mediated transmission 253-263. [DOI]
to eukaryotes. Genomics, 2007, 89(5): 567-579. [DOI] [19] Li ZQ. The functional and regulatory mechanisms of the

(9]

[10]

Ribeiro CW, Korbes AP, Garighan JA, Jardim-Messeder D,
Carvalho FEL, Sousa RHV, Caverzan A, Teixeira FK,
Silveira JAG, Margis-Pinheiro M. Rice peroxisomal
ascorbate peroxidase knockdown affects ROS signaling
and triggers early leaf senescence. Plant Sci, 2017, 263:
55-65. [DOI]

Teixeira FK, Menezes-Benavente L, Galvado VC, Margis R,

[20]

TsApx1 and TsApx6 and their promoters in response to
abiotic stresses[Dissertation]. Beijing Normal University,
2016.

. TsApx1l  TsApx6
2016. [DOI]
Panchuk 1, Zentgraf U, Volkov RA. Expression of the Apx


https://link.springer.com/article/10.1007%2Fs00344-018-9788-9�
http://europepmc.org/abstract/MED/15012221�
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cytosolic+ascorbate+peroxidases+1+is+a+central+component+of+the+reactive+oxygen+gene+network+of+Arabidopsis�
http://europepmc.org/abstract/MED/21045124�
http://europepmc.org/abstract/MED/26738546�
http://europepmc.org/abstract/MED/11997377�
http://europepmc.org/abstract/MED/29106954?fromSearch=singleResult&fromQuery=The+ascorbate+peroxidase+APX1+is+a+direct+target+of+a+zinc+finger+transcription+factor+ZFP36+and+a+late+embryogenesis+abundant+protein+OsLEA5+interacts+with+ZFP36+to+co-regulate+O�
http://europepmc.org/abstract/MED/17355904�
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rice+peroxisomal+ascorbate+peroxidase+knockdown+affects+ROS+signaling+and+triggers+early+leaf+senescence�
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rice+ascorbate+peroxidase+gene+family+encodes+functionally+diverse+isoforms+localized+in+different+subcellular+compartments�
http://europepmc.org/abstract/MED/15599508�
https://www.ncbi.nlm.nih.gov/pubmed/25049361�
https://www.ncbi.nlm.nih.gov/pubmed/15465684�
http://europepmc.org/abstract/MED/12954611�
http://europepmc.org/abstract/MED/18026995�
http://www.chinagene.cn/CN/10.3724/SP.J.1005.2013.00045�
https://www.ncbi.nlm.nih.gov/pubmed/15375207�
https://www.ncbi.nlm.nih.gov/pubmed/?term=Enhanced+seed+production+under+prolonged+heat+stress+conditions+in+Arabidopsis+thaliana+plants+deficient+in+cytosolic+ascorbate+peroxidase+2�

6 : APX

547

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

gene family during leaf senescence of Arabidopsis
thaliana. Planta, 2005, 222(5): 926-932. [DOI]

Narendra S, Venkataramani S, Shen G, Wang J, Pasapula V,
Lin Y, Kornyeyev D, Holaday AS, Zhang H. The
Arabidopsis ascorbate peroxidase 3 is a peroxisomal
membrane-bound antioxidant enzyme and is dispensable
for Arabidopsis growth and development. J Exp Bot, 2006,
57(12): 3033-3042. [DOI]

Granlund I, Storm P, Schubert M, Garcia-Cerdéan JG, Funk
C, Schroder WP. The TL29 protein is lumen located,
associated with PSIl and not an ascorbate peroxidase.
Plant Cell Physiol, 2009, 50(11): 1898-1910. [DOI]

Wang YY, Hecker AG, Hauser BA. The APX4 locus
regulates seed vigor and seedling growth in Arabidopsis
thaliana. Planta, 2014, 239(4): 909-919. [DOI]

Lundberg E, Storm P, Schréder WP, Funk C. Crystal
structure of the TL29 protein from Arabidopsis thaliana:
an APX homolog without peroxidase activity. J Struct Biol,
2011, 176(1): 24-31. [DOI]

Pnueli L, Liang H, Rozenberg M, Mittler R. Growth
suppression, altered stomatal responses, and augmented
induction of heat shock proteins in cytosolic ascorbate
peroxidase (Apxl)-deficient Arabidopsis plants. Plant J,
2003, 34(2): 187-203. [DOI]

Frank G, Pressman E, Ophir R, Althan L, Shaked R,
Freedman M, Shen S, Firon N. Transcriptional profiling of
maturing tomato (Solanum lycopersicum L.) microspores
reveals the involvement of heat shock proteins, ROS
scavengers, hormones, and sugars in the heat stress
response. J Exp Bot, 2009, 60(13): 3891-3908. [DOI]
Vanderauwera S, Suzuki N, Miller G, van de Cotte B,
Morsa S, Ravanat JL, Hegie A, Triantaphylidés C, Shulaev
V, Van Montagu MC, Van Breusegem F, Mittler R.
Extranuclear protection of chromosomal DNA from
oxidative stress. Proc Natl Acad Sci USA, 2011, 108(4):
1711-1716. [DOI]

Shi WM, Muramoto Y, Ueda A, Takabe T. Cloning of
peroxisomal ascorbate peroxidase gene from barley and
enhanced thermotolerance by  overexpressing in
Arabidopsis thaliana. Gene, 2001, 273(1): 23-27. [DOI]
Panchuk 11, Volkov RA, Schoffl F. Heat stress-and heat
shock transcription factor- dependent expression and
activity of ascorbate peroxidase in Arabidopsis. Plant
Physiol, 2002, 129(2): 838-853. [DOI]

Larkindale J, Huang B. Thermotolerance and antioxidant
systems in Agrostis stolonifera: involvement of salicylic

[31]

[32]

[33]

(34]

[35]

[36]

(37]

(38]

(39]

acid, abscisic acid, calcium, hydrogen peroxide, and
ethylene. J Plant Physiol, 2004, 161(4): 405-413. [DOI]
Schramm F, Ganguli A, Kiehlmann E, Englich G, Walch D,
von Koskull-Déring P. The heat stress transcription factor
HsfA2 serves as a regulatory amplifier of a subset of genes
in the heat stress response in Arabidopsis. Plant Mol Biol,
2006, 60(5): 759-772. [DOI]

Rossel JB, Walter PB, Hendrickson L, Chow WS, Poole A,
Mullineaux PM, Pogson BJ. A mutation affecting
ascorbate peroxidase 2 gene expression reveals a link
between responses to high light and drought tolerance.
Plant Cell Environ, 2006, 29(2): 269-281. [DOI]

Fryer MJ, Ball L, Oxborough K, Karpinski S, Mullineaux
PM, Baker NR. Control of ascorbate peroxidase 2
expression by hydrogen peroxide and leaf water status
during excess light stress reveals a functional organisation
of Arabidopsis leaves. Plant J, 2003, 33(4): 691-705. [DOI]
Bechtold U, Richard O, Zamboni A, Gapper C, Geisler M,
Pogson B, Karpinski S, Mullineaux PM. Impact of
chloroplastic- and extracellular-sourced ROS on high
light-responsive gene expression in Arabidopsis. J Exp
Bot, 2008, 59(2): 121-133. [DOI]

Galvez-Valdivieso G, Fryer MJ, Lawson T, Slattery K,
Truman W, Smirnoff N, Asami T, Davies WJ, Jones AM,
Baker NR, Mullineaux PM. The high light response in Ara-
bidopsis involves ABA signaling between vascular and bundle
sheath cells. Plant Cell, 2009, 21(7): 2143-2162. [DOI]
Wang J, Zhang H, Allen RD. Overexpression of an
Arabidopsis peroxisomal ascorbate peroxidase gene in
tobacco increases protection against oxidative stress. Plant
Cell Physiol, 1999, 40(7): 725-732. [DOI]

Yan J, Wang J, Tissue D, Holaday AS, Allen R, Zhang H.
Photosynthesis and seed production under water-deficit
conditions in transgenic tobacco plants that overexpress an
Arabidopsis ascorbate peroxidase gene. Crop Sci, 2003,
43(4): 1477-1483. [DOI]

Kangasjarvi S, Lepistd A, Hénnikdinen K, Piippo M,
Luomala EM, Aro EM, Rintaméki E. Diverse roles for
thylakoid-bound
peroxidases in plant stress responses. Biochem J, 2008,
412(2): 275-285. [DOI]

Maruta T, Tanouchi A, Tamoi M, Yabuta Y, Yoshimura K,
Ishikawa T, Shigeoka S. Arabidopsis

chloroplast stromal and ascorbate

chloroplastic
ascorbate peroxidase isoenzymes play a dual role in
photoprotection and gene regulation under photooxidative
stress. Plant Cell Physiol, 2010, 51(2): 190-200. [DOI]

(WERZE TRETAE)


http://europepmc.org/abstract/MED/16034597�
http://europepmc.org/abstract/MED/16873450�
http://europepmc.org/abstract/MED/19828564�
http://europepmc.org/abstract/MED/24407512?fromSearch=singleResult&fromQuery=The+APX4+locus+regulates+seed+vigor+and+seedling+growth+in+Arabidopsis+thaliana�
http://europepmc.org/abstract/MED/21798352?fromSearch=singleResult&fromQuery=Crystal+structure+of+the+TL29+protein+from+Arabidopsis+thaliana:+an+APX+homolog+without+peroxidase+activity�
https://www.ncbi.nlm.nih.gov/pubmed/?term=Growth+suppression%2C+altered+stomatal+responses%2C+and+augmented+induction+of+heat+shock+proteins+in+cytosolic+ascorbate+peroxidase+(Apx1)-deficient+Arabidopsis+plants�
http://europepmc.org/articles/PMC2736902?fromSearch=singleResult&fromQuery=Transcriptional+profiling+of+maturing+tomato+%28Solanum+lycopersicum+L.%29+microspores+reveals+the+involvement+of+heat+shock+proteins,+ROS+scavengers,+hormones,+and+sugars+in+the+he�
http://europepmc.org/abstract/MED/21220338�
http://europepmc.org/abstract/MED/11483357�
https://www.ncbi.nlm.nih.gov/pubmed/12068123�
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thermotolerance+and+antioxidant+systems+in+Agrostis+stolonifera%3A+involvement+of+salicylic+acid%2C+abscisic+acid%2C+calcium%2C+hydrogen+peroxide%2C+and+ethylene�
https://www.ncbi.nlm.nih.gov/pubmed/?term=The+heat+stress+transcription+factor+HsfA2+serves+as+a+regulatory+amplifier+of+a+subset+of+genes+in+the+heat+stress+response+in+ArabidopsisThe+heat+stress+transcription+factor+HsfA2+serves+as+a+regulatory+amplifier�
https://www.ncbi.nlm.nih.gov/pubmed/?term=A+mutation+affecting+ascorbate+peroxidase+2+gene+expression+reveals+a+link+between+responses+to+high+light+and+drought+tolerance�
https://www.ncbi.nlm.nih.gov/pubmed/?term=Control+of+ascorbate+peroxidase+2+expression+by+hydrogen+peroxide+and+leaf+water+status+during+excess+light+stress+reveals+a+functional+organisation+of+Arabidopsis+leaves�
http://europepmc.org/abstract/MED/18212028�
http://europepmc.org/abstract/MED/19638476�
http://europepmc.org/abstract/MED/10501032�
https://dl.sciencesocieties.org/publications/cs/abstracts/43/4/1477�
http://europepmc.org/abstract/MED/18318659�
http://europepmc.org/abstract/MED/20007290?fromSearch=singleResult&fromQuery=Arabidopsis+chloroplastic+ascorbate+peroxidase+isoenzymes+play+a+dual+role+in+photoprotection+and+gene+regulation+under+photooxidative+stress�

548 i2 f{ Hereditas (Beijing) 2019

41

Miz= 1 3193

Supplemental Table 1  Primer sequences used in this study

(53"
1F AGGAGGAAGCTCAGAGGTTTG apxl
1R CAGCGTATTTCTCGACCAAAG
2F ATGAATCAAGCCCTTAAAGCC apx2
2R TCAACCCTAACGTTTTTGTGC
3F CTTCATCCTCTTCCGGATCTC apx3
3R TCCTGATGCCAAACAAGGTAC
4F GTAGGACAATCAGCGGTCAAG apx4
4R TTGGAGGTGTTTCTCTGTTGG
5F CAGCTTCTCCTGATCCACTTG apx5
5R TTTGAAGGTCCTTGGACACAG
6F TCAAATGGCAAGAACAGTGATC apx6
6R CTTTTATCTGTTGGCGTGAGC
sk TGATTGGTCAATTCAACCCTC sapx
sR GCGTTAGCAGCATGTTTAAGC
tF ACAAGATCAAACCCACGAATG tapx
tR TACTTCACCAAGATGGGATGG
LBb1.3 ATTTTGCCGATTTCGGAAC T-DNA
RT-1LP ACTACCCAACCGTGAGCGA RT-PCR APX1
RT-1RP ATCAGCGAAAAAGGCATCT
RT-2LP GGAGTAAATGGTGAAGAAGAG RT-PCR APX2
RT-2RP TGAAAGTAAAAGAATGGTGTG
RT-3LP TGGACCTAATGGCTCTATC RT-PCR APX3
RT-3RP TTGCTGCTTTTATTTCTTG
RT-4LP CAATCATCAACATCTCACT RT-PCR APX4
RT-4RP AATCTCCTTCTTCACTTCC
RT-5LP GCTAAACCGTCCACACAAC RT-PCR APX5
RT-5RP CCTCCACTGCAACAACTCC
RT-6LP AAAGTGGTGACAAAGGGCA RT-PCR APX6
RT-6RP TCAGGGTTTCTGGAGGTAG
RT-sLP GTCTCTCACACTCAACGGA RT-PCR SAPX
RT-sRP ATGCCAACCTAATCTAACC
RT-tLP TCTCACTTACTCTGTTCCT RT-PCR tAPX
RT-tRP GCTTCATACTCTGCTCTTA
ACT2A ACCTTGCTGGACGTGACCTTACTGAT RT-PCR ACTIN2
ACT2B GTTGTCTCGTGGATTCCAGCAGCTT
1A GTCCATTCGGAACAATGAGGTTTGAC gRT-PCR APX1
1B GTGGGCACCAGATAAAGCGACAAT
2A TGATGTGAAGACGAAGACAGGAGGAC gRT-PCR APX2

2B CCCATCCGACCAAACACATCTCTTA
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(5—3"
3A CCCAAAATCACATACGCAGACCTGTA gRT-PCR APX3
3B AGTTGTCAAACTTCAGCGGCTCTTG
4A CTACTAAATCCGGGGGAGCCAATG gRT-PCR APX4
4B CTCTGTTGCATCACTCCTTCCAAAAT
5A AGCTAAACCGTCCACACAACAAAGGT gRT-PCR APX5
5B GTCCCAAAGTGTGACCTCCAGAGAGA
6A TGCAAAACGAAATAAGGAAAGTGGTG gRT-PCR APX6
6B CACTCAGGGTTTCTGGAGGTAGCTTG
SA TGCTAATGCTGGTCTTGTGAATGCTT gRT-PCR SAPX
sB CCACTACGTTCTGGCCTAGATCTTCC
tA CAGAATGGGACTTGATGACAAGGAAA gRT-PCR tAPX
tB ATGCAGCCACATCTTCAGCATACTTC
ACT2A ACCTTGCTGGACGTGACCTTACTGAT gRT-PCR ACTIN2
ACT2B GTTGTCTCGTGGATTCCAGCAGCTT
ACT2C ATTCAGATGCCCAGAAGTCTTGTTCC gRT-PCR ACTIN2

ACT2D

ACCACCGATCCAGACACTGTACTTCC
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